Abstract Purpose: To determine reciprocal and synergistic effects of acute intracranial hypertension and ARDS on neuronal and pulmonary damage and to define possible mechanisms. Methods: Twenty-eight mechanically ventilated pigs were randomized to four groups of seven each: control; acute intracranial hypertension (AICH); acute respiratory distress syndrome (ARDS); acute respiratory distress syndrome in combination with acute intracranial hypertension (ARDS ? AICH). AICH was induced with an intracranial balloon catheter and the inflation volume was adjusted to keep intracranial pressure (ICP) at 30-40 cmH 2 O. ARDS was induced by oleic acid infusion. Respiratory function, hemodynamics, extravascular lung water index (ELWI), lung and brain computed tomography (CT) scans, as well as inflammatory mediators, S100B, and neuronal serum enolase (NSE) were measured over a 4-h period. Lung and brain tissue were collected and examined at the end of the experiment. Results: In both healthy and injured lungs, AICH caused increases in NSE and TNFalpha plasma concentrations, extravascular lung water, and lung density in CT, the extent of poorly aerated (dystelectatic) and atelectatic lung regions, and an increase in the brain tissue water content. ARDS and AICH in combination induced damage in the hippocampus and decreased density in brain CT. Conclusions: AICH induces lung injury and also exacerbates preexisting damage. Increased extravascular lung water is an early marker. ARDS has a detrimental effect on the brain and acts synergistically with intracranial hypertension to cause histological hippocampal damage.
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Introduction
Acute intracranial hypertension (AICH), often caused by traumatic brain injury [1] , and acute respiratory distress syndrome (ARDS) are life-threatening conditions. Up to 40% of patients with isolated AICH develop ARDS, which not only worsens neurological outcome but also increases mortality [2, 3] .
Intracranial hypertension (AICH) and ARDS were thought to be independent pathological entities, but recent results have shown that they both interact and not only can worsen but actually trigger each other. AICH-associated pulmonary dysfunction was attributed only to the pulmonary venoconstriction and increased capillary permeability caused by increased sympathetic activity [4] , but the latter was recently shown to also induce a systemic inflammatory response with pulmonary infiltration of activated polymorphonuclear neutrophils and endothelial dysfunction [5] [6] [7] . Conversely, ARDS itself induces a systemic inflammatory response with elevated cytokines [8] and neutrophil counts as well as dysfunction of other organs, including the brain [9] . Increased permeability of tight endothelial junctions in the lung and the brain can facilitate cross talk between the two organs [10, 11] . This is underlined by a study showing an initially normal lung function after massive brain injury, but diminished pulmonary tolerance after subsequent ex vivo mechanical ventilation and reperfusion of the lung [12] .
Brain-lung cross talk went undetected because appropriate indicators of organ dysfunction were lacking. Brain damage with permeability changes of the bloodbrain barrier induces detectable circulating levels of neuron-specific enolase (NSE) and S100 protein [13] [14] [15] [16] . These markers are located, inter alia, in cells of the central nervous system (CNS) [17] [18] [19] , appear soon after injury, and correlate with severity, neurological outcome, and survival [20, 21] . The hippocampus is the area most vulnerable to traumatic brain injury or hypoxia [15, 22, 23] . Pulmonary changes are detected morphologically in the CT scan and functionally as an increase of extravascular lung water.
This study tested the hypotheses that (a) AICH induces lung injury and also further worsens pre-existing ARDS, (b) ARDS induces hippocampal damage in the absence of AICH, and (c) ARDS and AICH together cause more severe hippocampal damage.
Materials and methods

Animal preparation
All procedures were approved by our institutional animal study review board. Animal handling was in accordance with National Institutes of Health (NIH) guidelines.
Twenty-eight female domestic pigs (mean weight 61 kg; range 52-65 kg) were used for the study. They were premedicated intramuscularly with 40 mg azaperonium (Stresnil Ò ; Janssen, Austria). An ear vein was cannulated, anesthesia was induced with 3-5 mg/kg thiopentone and 4 mg/kg ketamine (Ketaminol Ò ; Vetpharma, Zurich, Switzerland), and maintained with ketamine (10 mg kg
) and midazolam (1 mg kg
) infusions. A cuffed endotracheal tube (Portex 6.5, Portex, Germany) was inserted and the lungs were mechanically ventilated (Servo 300, Siemens, Germany) in volume-controlled mode with a positive end-expiratory pressure (PEEP) 5 cmH 2 O, inspiratory/expiratory ratio (I/E) 1:2, 100% oxygen and tidal volume (VT) 8-10 ml/kg. VT and respiratory rate were adjusted to maintain PaCO 2 below 60 mmHg. End-tidal CO 2 was monitored with a capnograph (Datex Capnomac Ultima Ò , Finland). Ringer acetate was infused at rate of 3-4 ml kg
. Peripheral oxygen saturation, electrocardiography (ECG), and non-invasive blood pressure were monitored continuously.
A Licox Ò triple lumen transcranial bolt was inserted through a burr hole in the right frontal region. A Licox Ò microcatheter oxygen electrode (PtiO 2 ), and probes for intracranial pressure (ICP) (Integra Neuroscience, Integra GmbH, 40880 Ratingen, Germany) were inserted through the bolt into the white matter. The tips of these microprobes were placed approximately 25 mm below the dura (see ESM for details).
A 22-F Fogarty catheter was inserted through a separate burr hole 25 mm lateral to the right frontal region [24] in the animals of the AICH groups. A thermistortipped fiberoptic catheter (Pulsiocath, 4F FT PV 2024; Pulsion Medical System, Munich, Germany) was placed in a femoral artery. A pulmonary catheter (Volef, Pulsion Medical System, Munich, Germany) was inserted through a 5-F sheath introducer in the right internal jugular vein, and the position of the catheter tip confirmed by the pressure tracing. The catheters were connected to pressure transducers and to an integrated bedside monitor (PiCCO, Volef; Pulsion Medical Systems).
Experimental protocol
After instrumentation, the animals were placed in a prone position for the rest of the study and were transferred to the CT scanner without interrupting ventilation. After positioning in the CT scanner, baseline values were recorded.
An aleatory method was used to randomly allot the animals to one of four groups: control; AICH; ARDS; ARDS ? AICH (Test procedure: ESM Fig. 1 ). Randomization was continued until all groups contained seven animals.
Acute intracranial hypertension
AICH was induced by inflating the Fogarty catheter until the ICP was greater than 30 cmH 2 O. The inflation volume was adjusted during the study period to maintain ICP at 30-40 cmH 2 O. This was necessary in animals that developed hypercapnia. 
ARDS
ARDS ? AICH
Lung injury was established first and the Fogarty catheter was then inflated to induce intracranial hypertension.
Control
Control animals were instrumented in the same manner as the animals in the other groups, but had no intracranial Fogarty catheter.
Measurements
Measurements were performed at baseline (T 0 ) and 60, 120, and 240 min after inducing lesions or after baseline measurements in the control group (T 60 , T 120 , and T 240 , respectively; see ESM for details).
Hemodynamics and gas exchange
Cardiac output (CO), stroke volume, systemic and pulmonary pressures, extravascular lung water index (ELWI), and intrathoracic blood volume index (ITBI) were measured in triplicate by the same investigator with 20 ml ice-cold 0.9% saline solution.
Arterial and mixed venous samples were collected and immediately analyzed for blood gases (ABL 510, Radiometer, Copenhagen, Denmark).
CT of lung and brain
The lungs were scanned from apex to base during an endexpiratory hold at a PEEP of 5 cmH 2 O (GE Light Speed VCT, GE Medical Systems, thickness 5 mm, interval 0.5 mm, 100 mA, 100 kV). The method used for quantitative image analysis to assess lung density (Hounsfield units, HU), gas and tissue volume, gas-tissue ratio (ml gas/g lung tissue [26, 27]), and extent of lung tissue aeration (normal, poor, and none) has been described previously [28] (see ESM for details). Analysis of individual lung regions was performed by dividing the lungs into ten equidistant horizontal sections along the sagittal axis.
Pulmonary parenchyma with a CT density ranging from -1,000 to -900 HU was classified as overinflated, a range of -900 to -500 HU as normal, -500 to -100 HU as poorly aerated (dystelectatic), and -100 to ?300 HU as non-aerated (atelectatic).
Three consecutive horizontal sections starting three slices below the occlusion catheter were analyzed. The brain CT density window was set from -10 to ?100 HU. Decreased density (lower HU) represented a greater tissue water content, i.e., edema, whereas increased density represented an increase in blood content [29, 30] .
Intracranial pressure and brain tissue oxygenation
Intracranial pressure, brain temperature, and regional oxygen tensions in blood and tissue were recorded continuously. ICP was kept at 30-40 cmH 2 O by adjusting the inflation of the Fogarty catheter balloon.
Data acquisition
Data recording and analysis was performed using the Modular Intensive Care Data Acquisition System (MIDAS) developed by P. Herrmann and P. Nguyen (Institut für Biomedizinische Technik, Hochschule Mannheim, Germany; see ESM for details).
Heart rate variability
Heart rate variability (HRV) was calculated from normal R-R intervals at baseline, T 60 , and T 240 . The ECG signal was screened manually and segments containing ectopic beats or arrhythmia were excluded. HRV calculations were performed with the software MATLAB (Version 7.8. The Mathworks, USA). Means and standard deviations of the normal R-R intervals (SDNN) and the confidence intervals were calculated with the MATLAB function ''normfit'' (normal parameter estimates). SDNN reflects the sympathetic and parasympathetic influence on HR variability [31] .
Laboratory data NSE and S100 concentrations were measured in heparinized arterial blood (lower levels of detection, NSE 1 lg l -1 ; S100 0.02 lg l -1
). EDTA-blood samples for IL-6, IL-1b, and TNF-alpha were measured with a pigspecific ELISA (Quantikine Ò P, R&D Systems, USA). The minimum detectable concentrations are 5 pg ml -1 for TNF and 10 pg ml -1 for IL-6 and IL-1b. Values below the detection level were counted as zero.
Histology
Tissue samples were analyzed independently by two experienced pathologists/neuropathologists blinded to the treatment group. If the assessments differed, the samples were re-examined and a final assessment was made.
Lung
Three tissue samples from each lobe (15 samples per animal) were fixed in paraformaldehyde, embedded in paraffin, cut into 5-lm sections, and stained with hematoxylin-eosin.
The sections were scanned at 920, examined in detail at 9400 magnification (Olympus BX41), and assessed with a semiquantitative score to grade the extent (area) and the severity (grade) of tissue damage, dystelectasis, pulmonary edema, and pulmonary arterial embolization (for scoring system see ESM Table 4 ).
Brain
The brain was removed and fixed in formaldehyde, embedded in paraffin, cut into 1-lm sections, and stained with hematoxylin-eosin.
The CA1 and CA2 regions of the hippocampus were studied because they are most vulnerable to ischemic [22, 32] or hypoxic [23] insult. Nuclear pyknosis and eosinophilic degeneration of the cytoplasm were taken as evidence of cell damage. The extent of cell damage was graded as: 1 = individual cells (5-10 per field); 2 = clusters of cells; 3 = cell layers; 4 = marked cell loss. Both right and left hippocampi were examined and the grade of the most severely affected region was used to calculate the brain cell damage score (for detailed description of scoring system see ESM, Fig. 5 ).
Statistical analysis
Descriptive statistics are expressed as means and standard deviation or medians and range depending on the distribution of the data. Non-parametric tests were used for comparative statistics because of the small sample sizes and possible non-normal distribution. Changes over time were analyzed with the Friedmann test followed by the Wilcoxon test for individual comparisons. The MannWhitney U test was used for intergroup comparisons at individual time points. Corrections for multiple comparisons were performed when appropriate. A value of p smaller than 0.05 was considered significant. All calculations were performed with Statistica for Windows (9.0; StatSoft; Europe).
Results
Hemodynamics
Hemodynamic data are shown in ESM Table 1 . The groups did not differ at baseline, but there was a small transient increase in heart rate and mean arterial pressure (MAP) after inflation of the intracranial balloon. The hemodynamic variables remained constant in the control and AICH groups during the study period, except for cardiac output, which was higher in the AICH group at T 120 and T 240 .
Mean pulmonary arterial pressure and heart rate increased in the two groups with ARDS; stroke volume (SV) decreased but CO remained constant. These changes were greater in the ARDS ? AICH group (p \ 0.05). ITBI remained constant and did not differ between the groups.
Heart rate variability
Heart rate variability did not change in control animals but decreased in the animals with intracranial hypertension, indicating increased activity of the sympathetic nervous system [33].
Lung
Gas exchange
PaO 2 and PaCO 2 remained constant in the control and AICH groups. PaCO 2 increased and PaO 2 decreased in the animals with ARDS. PaO 2 was lowest in the ARD-S ? AICH group at 240 min (ESM Table 2 ).
Density, gas-tissue ratio, and aeration
Representative CT scans of the lungs of each group at T 240 are shown in Fig. 1 .
Mean total lung density, gas-tissue ratio, and percentages of normal, dystelectatic, and atelectatic tissue are shown in ESM Table 3 . Intracranial hypertension alone increased mean lung density and exacerbated the increase in animals with ARDS. Conversely, the gas-tissue ratio of the lung was reduced by intracranial hypertension in healthy as well as injured lungs with significant increases in poorly aerated and atelectatic lung areas. ARDS induced greater changes which were further exacerbated by AICH (ESM Table 3 ).
The most pronounced changes occurred in dependent lung regions in all treatment groups ( Fig. 2 and ESM  Fig. 2 ).
Extravascular lung water
The ELWI remained constant in control animals but increased continuously in the AICH group. ELWI was higher in animals with lung injury, and was further increased by intracranial hypertension ( Fig. 3; T120 ; p \ 0.05).
Lung histology
The extent of cell damage and the grade of injury were greatest in the ARDS ? AICH group. There were more occurrences of edema and vascular embolization in the groups with ARDS. The most extensive edema was seen in the ARDS ? AICH group (ESM Table 4 ).
Brain
Intracranial pressure and tissue oxygen tension
Baseline ICP and tissue oxygen tension (PtiO 2 ) were similar in all groups (ESM Table 2 ). The mean ICP in the AICH and ARDS ? AICH groups was 36.1 ± 5.8 and 32.0 ± 3.5 mmHg, respectively. Mean ICP remained unchanged in the control and ARDS groups at 11.5 ± 0.6 and 12.1 ± 0.9 mmHg, respectively. PtiO 2 remained constant in control animals, whereas it decreased to below the critical threshold for hypoxic damage of 10-15 mmHg in animals of the treatment groups (ESM Table 2 ).
Brain density
Mean brain tissue density was constant in control animals but decreased significantly in all treatment groups, indicating cerebral edema. The control group differed significantly from ARDS ? AICH at 240 min (ESM Fig. 4 ).
Brain histology
The mean cerebral damage scores of the hippocampal regions CA1 and CA2 were 2.00 ± 1.00 in controls, 2.14 ± 1.21 in the AICH group, 2.57 ± 0.98 in the ARDS group, and 3.43 ± 0.53 in animals with both ARDS and AICH. Damage was significantly more severe in the ARDS ? AICH group compared with control animals and animals with intracranial hypertension alone (p \ 0.05). The damage seen in the control animals was most likely due to the intracranial instrumentation (ESM Fig. 3 ).
NSE and S100B
NSE concentrations remained constant whereas S100B decreased significantly in control animals (Fig. 4) . Both parameters increased significantly in the animals of the treatment groups with the most marked increase in animals with ARDS. The increase following AICH alone was slighter and peaked later.
Inflammatory mediators
The IL-1b and IL-6 concentrations were below the detection threshold in all groups at baseline and only showed a significant increase in the animals with ARDS (ESM Table 5 ). TNF-alpha concentrations decreased in control and AICH animals and were significantly lower 
Discussion
The results of this study support the hypothesis that acute intracranial hypertension causes cerebral and pulmonary edema. The latter reduces the gas-tissue ratio in previously healthy lungs without causing histologically detectable pulmonary damage or changes in gas exchange parameters. AICH also exacerbates the pre-existing damage in animals with ARDS.
Plasma concentrations of NSE and S100B increased in all treatment groups. TNF-alpha, IL-6, and IL-1b responded in different ways to intracranial hypertension and acute lung injury, but there was a consistent increase in animals with ARDS which was augmented by intracranial hypertension. Hippocampal damage and cerebral edema was greatest in animals with combined ARDS and intracranial hypertension. This is in agreement with clinical reports [34, 35] and could indicate reciprocal synergistic effects.
The initial pulmonary responses to acute intracranial hypertension are an increase in ELWI and lung density that are not detectable by chest radiography or blood gas analysis until frank pulmonary edema ensues [36, 37] . Our findings confirm this and underscore the importance of ELWI as an early indicator of lung injury and ARDS [38] .
Proposed mechanisms for the development of neurogenic pulmonary edema, i.e., the increase in ELWI after an acute neurologic injury [5] are a massive increase in cerebral sympathetic outflow causing acute pulmonary venoconstriction with a fluid shift into the interstitium [39] . There is a simultaneous activation of inflammatory responses that further increase the permeability of the endothelium for proteins [5, 40, 41] .
The reduction in heart rate variability supports the role of sympathetic activation, but we did not see the blood pressure increase that was observed in a similar animal model, in which inflation of an intracranial Fogarty catheter was used to induce brain death [5, 42] . Pulmonary venoconstriction is also unlikely to increase arterial pressures, and the increase in pulmonary arterial pressures in the animals with ARDS is probably a consequence and not a cause of pulmonary pathology. Su et al. [33] concluded that the increase in sympathetic activity may be relative to decreased parasympathetic activity secondary to brain stem damage. Avlonitis et al. [4] showed that the inflammatory response is significantly decreased in brain-dead animals when the initial catecholamine storm is treated with phentolamine and the following hypotension is treated with noradrenaline. Our results suggest that not only brain death but also isolated AICH might induce NSE release and systemic inflammation. A recent study showed that beta-adrenergic receptor blockade reduced mortality in elderly patients with blunt head injuries [43] .
The importance of organ cross talk and the clinical impact of such organ interaction is reflected in the results of a study by Hopkins et al. [44] , who found that more than 20% of ARDS survivors had a reduced quality of life with a significantly elevated rate of depression and anxiety.
The hippocampus is exquisitely sensitive to damage and Hofmann et al. [45] detected hippocampal atrophy in patients after only minor head trauma. We were unable to determine if AICH or ARDS alone causes hippocampal damage, probably as a result of the intracranial instrumentation of the control animals and short study duration, but this is likely because AICH and ARDS together caused significant damage and cerebral CT scans revealed cerebral edema in the ARDS animals. The problem might also be the small sample size that only had a power of 50% to detect such small increases even in a one-sided test. Hypoxia is the most likely factor in our animals, as evidence of decreased perfusion was found in the CT scans, and the PtiO 2 values in the AICH and AICH ? ARDS groups were lower than the critical threshold for cell damage of 15 mmHg described by Valadka et al. [46] . This raises the clinical question of whether the recommended arterial oxygen saturation of greater than 90% [47] is adequate in ARDS patients with concomitant brain injury. It would be interesting to see whether the behavior of surviving animals correlated with the laboratory and CT evidence of cerebral hypoxia, edema, and inflammation [48] .
The time courses of plasma concentrations of NSE and S100 are not consistent with intracranial hypertension being the secretory stimulus, and the brain is not necessarily the source [49] . Although there is a slight increase in the AICH group after 240 min, the largest and most rapid increases were seen in the animals with ARDS. It is not possible from our data to differentiate between pulmonary injury or a direct effect of oleic acid as the responsible factor for NSE and S100 release, but it is likely that the increase of the NSE might partially be caused by hemolysis [50, 51] . NSE directly correlates with the amount of hemolysis and the hemoglobin level, because it is found in red blood cells (RBC). The hypoxia marker S100, on the other hand, is not affected by hemolysis [52] .
Plasma concentrations of the inflammatory markers TNF-alpha, IL-6, and IL-1b responded differently to AICH and ARDS, with a consistent increase in the ARDS groups that was further augmented by AICH. A cytokinemediated inflammatory response might be causally associated with lung damage after AICH. Polymorphonuclear leukocytes (PMNs), the earliest immune cells to be recruited at the injury site [53] , may contribute to pulmonary dysfunction and altered vascular permeability through release and production of cytokines and reactive oxygen species [54] [55] [56] .
TNF-alpha increases after AICH, but it cannot be said if this causes or is a consequence of the observed pulmonary changes. The absence of an interleukin response in the AICH group might be due to the suppressant effects of midazolam and ketamine on cytokine secretion [57, 58] that masked a small increase. A study published by Bickenbach et al. only detected an IL-6 increase after 4 h, so our sampling period might have been too short [59] .
Our results strongly suggest the existence of organ cross talk, but the exact pathophysiological interactions are unknown. Further studies on immunohistology and transcription patterns of mediators in the brain would be useful.
The study has some limitations that could interfere with interpretation of the data. First of all, there was no group without intracranial instrumentation as a control for hippocampal damage in ARDS animals. Measuring NSE and S100 in cerebrospinal fluid (SCF) would have helped determine their source, but spinal tap is difficult in pigs, and bleeding could give false results because cerebral markers are found in significant concentrations in blood cells. The inflammatory response to the procedure could alter cytokine concentrations, and the associated CSF loss could alter the ICP. Inducing ARDS before intracranial hypertension is not the usual clinical sequence of events. Technical constraints limited the study duration to 240 min so that delayed interactions between the lung and brain may have been missed.
The lung protective ventilation strategy employed in this study minimizes pulmonary damage, reduces cytokine release [60] , and improves cerebral blood flow [61] , and thereby may have lessened the interactions between pulmonary and cerebral damage and thus made their detection difficult [62] [63] [64] . Even though ICP was held constant, the hypercapnia in the ARDS and AICH ? ARDS groups might have altered cerebral perfusion and respiratory drive, causing hippocampal lesions. The balloon model used to increase intracranial pressure does not reproduce every aspect of the ICH commonly seen in traumatic brain injury [1] , but it has the advantage of providing a stable level of ICP.
Conclusions
Acute intracranial hypertension not only damages healthy lungs, but also exacerbates the damage in lungs with preexisting lesions. And, vice versa, acute lung injury can precipitate cerebral damage during intracranial hypertension. Extravascular lung water should be monitored in patients with acute brain injury.
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